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INTRODUCTION 

Cartilage  contains  anti-tumor/angiogenesis  substances,  which  has  been  widely  used  cancer  patients  as 
alternative  medicine  for  more  than  two  decades.  However,  it  is  unclear  that  which  component  in  cartilage  is 
responsible  for  its  anti-tumor/angiogenesis  effect.  Since  cartilage  contains  a  large  amount  of  hyaluronan 
(HA)  and  HA  binding  proteins  (HABP),  we  speculate  that  HABP  is  responsible  for  the  anti- 
tumor/angiogenesis  effect  of  cartilage.  This  speculation  is  also  based  on  the  following  observations:  first, 
several  proteins  that  bind  to  HA  can  also  inhibit  tumor  growth  or  metastasis,  such  as  soluble  CD44  (1), 
RHAMM  (2)  and  proteins  from  chondrocytes  (3,  4);  secondly,  some  angiogenic  inhibitors,  such  as 
endostatin  and  angiostatin  (5,  6),  contain  structural  motifs  that  may  allow  them  to  bind  to  anionic 
proteoglycan  (such  as  heparan  sulphate  and  HA)  and  to  interrupt  the  growth  factor  signaling  (7). 

To  test  our  hypothesis  that  the  hyaluronan  (HA)  binding  proteins  (HABP)  from  cartilage  is  a  new  category 
of  anti-tumor  agents,  we  have  proposed  to  focus  on  three  aims:  1)  To  examine  the  effect  of  HABP  on  the 
tumor  growth  of  prostate  cancer  cell  lines;  2)  To  examine  the  effect  of  link  protein  (LP)  and  aggrecan  on  the 
tumor  growth  of  prostate  cancer;  3)  To  examine  the  possible  anti-angiogenesis  effect  of  HABPs. 

The  results  of  our  first  year  study  indicates  that  the  HABP  purified  from  cartilage  with  affinity  column  have 
the  following  properties:  1)  HABP  can  inhibit  the  anchorage-dependent  and  independent  growth  of  tumor 
cells;  2)  HABP  can  inhibit  proliferation  and  migration  of  endothelial  cells  in  vitro  and  angiogenesis  in  vivo; 
3)  HABP  can  reduce  the  growth  of  TSU  prostate  cancer  and  other  tumor  in  vivo;  4)  HABP  can  inhibit  the 
experimental  Ivmg  metastasis;  5)  The  anti-tumor  effect  of  HABP  is  in  part  due  to  its  anti-angiogenesis 
property.  These  results  has  been  published  in  Cancer  Research  (  2001 ;  61:1 022- 1 028). 

The  HABP  consists  of  two  major  subunits,  the  trypsin  fragment  of  the  core  protein  (aggrecan)  and  the  link 
protein.  Both  of  these  subunits  bind  to  each  other  as  well  as  to  HA.  To  dissect  out  which  component  is  the 
responsible  for  the  anti-tumor  activity,  we  decide  to  use  genetic  engineering  techniques  to  express  the 
individual  components  in  the  human  form.  Since  the  bovine  HABP  is  antigenic  to  human  beings,  it  is  not 
suitable  for  the  long-term  use  in  the  patients  with  prostate  cancer. 

In  this  second  year,  the  cDNA  cording  for  human  cartilage  aggrecan  were  cloned,  inserted  into  expression 
vector  and  then  transfected  into  yeast.  The  recombinant  human  aggrecan  was  purified  by  Ni-column  and 
tested  for  its  HA  binding  activity,  its  effect  on  endothelial  cells  and  its  anti-tumor  effect  in  vivo. 

Our  data  suggest  that  aggrecan  has  an  anti-tumor  effect  and  it  is  the  actual  protein  responsible  for  the  anti¬ 
tumor  effect  of  cartilage. 
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BODY 

We  have  demonstrated  that  the  cartilage  HABP  possesses  anti-tumor/angiogenesis  property.  However, 
there  are  at  least  two  major  subunits  in  HABP  that  purified  from  HA  affinity  column:  the  trypsin  fragment  of 
the  core  protein  (aggrecan)  and  the  link  protein.  To  dissect  out  which  component  is  the  responsible  for  the 
anti-tumor  activity,  we  decide  to  use  genetic  engineering  techniques  to  express  the  individual  components  in 
the  human  form.  If  these  human  proteins  turn  out  to  be  anti-tumor/angiogenesis,  then,  they  may  have  the 
potential  to  be  utilized  for  cancer  therapy,  since  the  protein  from  human  origin  may  have  little  antigenicity. 

1.  Construction,  expression  and  purification  of  recombinant  human  aggrecan  protein: 

The  aggrecan  is  one  of  the  major  HABPs  in  cartilage.  The  only  way  to  obtain  human  aggrecan  is  to 
use  molecular  biology  approach.  According  to  the  published  cDNA  sequence  (GenBank  access  number 
M55172),  we  designed  a  pair  of  primers  that  framed  from  amino  acid  V20  to  T350  in  the  N-terminal  of 
aggrecan,  which  consisted  of  first  33 1  amino  acids  without  signal  peptide  as  elucidated  in  Fig.l. 


a6CaiC«TaT6TOC6IM:i4f|«5TTClJ<HWi<^«Ha?dGTCCfl$CTCTW«OCTCaftCfftr<»CCftCTTT«CICIC«6TTTTCCIOIinCT6««^ 

l||TLtttVFUIL»Vlf«IIVfV€TSOHOI1SI.5 

ITClttCaTCCCCCIIIKX6TCCCCaCtCIKM>GTCCTCaCWCCfKXTCCCTCjFKCftTCCCCT(HCI«TTICIITCCfK:ttC»l6GKttm««CCi^ 

p  ©  vf  I  I  Kusftysi: 

l»»««<W»CTlWTOCTCCTCCTCOCCaCTC<»&aCOCCTCCC(KnfCI«CflCTCCCTmCftOOftC«ft6fiTCTCACrGaCltfCT«XCCCM:C«TCCeXjaGT^ 

S  tj  0  S  C  M 

fiiccccT«:oi»GCTiwTGCflTcccarccflGciKRcccRaiCc«cccTC6B«GTa»rccr<»n««M»rccrcnccanflciia»cc»mCTflaK^ 

»a©€VIIH«l£asEa¥teV¥«K»l«fFBVaillSTaYTtOFOaRO  1" 

iiTWT«caiCGCCTCiicaiG«eaie€cc6a:Ticfi«iGicMmccftcaisT«nwa^^ 

I  iarf€«t«fl«ltC0CFKG®O»O«t  RO0TUftV  P  \ 
||G«ICGTBT«a»TCC»«(M««CCI«COW»ICCT||ltftl«mBCTCCnCCCC««CrC«CRTGCnGGCTCR(Hn^ 

RTYGIflO  r«Erf  O0V©rft  €EnEOEUfVRTSP£ICF  T  F  0  C  ft  «  H  £  «  ^TrirnLrJtrtarrTr 

OCCWJCftCCCCKXftCOTCTaCCTCCCCTWCRCGCrWCRTOOflCflTCTCCWCCCCCCClOCCTWCCCftCCGCflOCOTGCGCIfKXCCftTCICCflftCCCCCeCCraftn^ 

0  T  G  H  U.  V  L  H«GftCnO  I1©5  ftGjUlflOftSVRVP  I  SKftftPH©®  CHI  LOVRTU  YV 

C«TOCCfiBCC«ffife2eCCTaCCCCCRCCCCTCflTCCCCCTflCCftCCCCflrCT(K:TflCaC«OGTCftmJftCTTTOTIK!ftCaiCCa«i#WftlCncmGGftGT6a^ 

HRHCTCVPOPSSaVOR  I  ©  V  T  £0F.  MOtPEftJTFGVG'GEEO  I  TU  O  ^VTUPOB 

cflocToccflCTwcTcowflcaTcieTMOCoiorwocccciwocKicoTOfiTccnsccoTwwaccwcnawincTacccwnttCCTiMiMBXxsiictawCTCTTCflccnToccccTowwiMiiwc^TcancocT 

ELPLPRHIIE6E*»6SUILT)»Ui:i*IFE»SrsrtErCErFTfBPEI6BT«FII 


Fig.l.  The  N-terminal  portion  of  human  aggrecan.  The  first  19  amino  acid  is  signal  peptide  and  the 
wanted  portion  is  from  V20  to  T350, 

TTie  reason  for  cloning  and  expressing  this  portion  (V20  to  T350)  is  that  most  of  HA  binding  motifs  of 
aggrecan  is  located  in  this  region  (Fig  2).  It  has  been  proved  that  there  is  a  common  shared  and  highly 
conserved  motif,  B[X7]B,  in  HABPs  family.  The  BpC7]B  is  a  minimal  requirement  for  HA  binding,  and 
consists  of  two  basic  amino  acids  flanking  a  sequence  of  seven  amino  acids  (8).  The  B  (basic  amino  acids) 
can  be  either  arginine  (R)  or  lysine  (K),  which  possess  a  positive  charge  under  physical  pH.  The  two  basic 
amino  acid  and  their  spacing  are  critical  for  HA  binding,  which  is  convincingly  confirmed  by  studies  of  site- 
directed  mutagenesis  and  fusing  protein  from  mutant  cDNA  (8). 

This  portion  from  V20  to  T350  of  human  aggrecan  that  we  wanted  to  clone  had  a  theoretical  pI/Mw: 
5.33/36861. 

VETSDHDNSLSVSIPQPSPLRVLLGTSLTIPCYFIDPMHPVTTAPSTAPLAPRIKWSRVSKEKEVVLL 

VATEGRVRVNSAYODKVSLPNYPAIPSDATLEVOSLRSNDSGVYRCEVMHGIEDSEATLEVVVKGI 

VFHYRAISTRYTT  DFDR  APR  ACT  .ONS  ATT  ATPEOLOAA  YEDGFHOCDAGWLADOTVRYPIHTPRE 

GCYGDKDEFPGVRTYGIRDTNETYDVYCFAEEMEGEVFYATSPEKFTFQEAANECRRLGARLATT 

GHVYLAWOAGMDMCSAGWLADRSVRYPISKARPNCGGNLLGVRTVYVHANQTGYPDPSSRYDA 

ICYT 

Fig.2.  HA  binding  motifs  in  N-terminus  of  aggrecan.  It  has  six  B[X7]B  HA  binding  motifs. 
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After  obtaining  primers  for  the  cloning  the  331  amino  acids  of  N-terminus  of  aggrecan,  the  RT-PCR 
was  performed  using  a  cDNA  library  of  a  human  sarcoma  cell  line  derived  from  chondrocytes  as  template. 
A  correct  RT-PCR  product  with  a  length  of  993  bp  was  obtained  (Fig.  3). 


Fig.  3:  The  RT-PCR  product  for 
cDNA  of  aggrecan  (V20  to  T350). 
Lane  1 :  Marker;  Lane  2:  A  correct 
RT-PCR  product  with  a  length  of 
993  bp  was  obtained. 


The  cDNA  cording  for  this  portion  of  aggrecan  (993  bp)  was  inserted  into  pPICZ  yeast  expression 
vector  with  a-factor  signal  peptide  for  secretion  from  yeast  cells  and  Hisg  tag  for  purification  (Fig.  4). 


Fig.  4:  The  yeast  expression 
vector  for  cloned  human 
recombinant  aggrecan.  The  a- 
factor  signal  peptide  was  used  for 
secretion  of  human  recombinant 
aggrecan  fi-om  yeast  into  media.  A 
His6  tag  in  C-terminus  was  used  for 
purification  by  Ni-column. 


The  correct  cDNA  and  reading  fi'ame  for  human  recombinant  aggrecan  was  identified  by  sequencing. 
Then  the  yeast  expression  vector  was  transformed  into  two  strains  of  yeast  cells:  X-33  and  KM71,  which 
allowed  to  obtain  the  different  yields  of  recombinant  aggrecan.  Two  clones  from  each  strain  were  picked  up 
for  fermentation.  The  human  aggrecan  protein  (termed  briefly  as  aggrecan)  secreted  in  the  yeast  culture 
media  was  purified  with  Ni-column.  The  purified  aggrecan  was  subjected  to  electrophoresize  on  8%  SDS- 
PAGE  gel,  transfer  to  nitrocellulose  membrane  and  stain  with  anti-His  tag.  To  our  surprise,  the  purified 
aggrecan  had  a  very  board  ranges  of  apparent  molecular  weights  (Fig.  5). 
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Fig.  5  The  purified  recombinant  aggrecan. 
The  purified  recombinant  aggrecan  from  four 
clones  was  subjected  to  electrophoresize  on  8% 
SDS-PAGE  gel,  transfer  to  nitrocellulose 
membrane  and  stain  with  anti-His  tag.  The 
apparent  molecular  weight  was  in  a  very  board 
ranges. 


We  speculated  that  this  phenomenon  may  due  to  the  expressed  aggrecan  was  highly  glycosylated.  To 
confirm  our  speculation  and  make  sure  that  the  aggrecan  protein  was  right,  we  decided  to  make  a  de- 
glycosylation  form  of  aggrecan.  For  this,  the  three  sites  of  asparagine  (Asn,  which  is  normally  used  for 
glycosylation)  in  aggrecan  were  changed  into  glycine  by  site-directed  mutation  (AAT  or  AAC  to  CAG).  The 
vector  that  earned  cDNA  coding  for  de-glycosylation  form  of  aggrecan  was  transformed  into  yeast.  The 
purified  de-glycosylation  form  of  aggrecan  was  compared  by  with  native  aggrecan  using  Western  blotting. 
The  result  (Fig.  6)  did  confirm  that  our  speculation  was  right.  The  de-glycosylation  form  of  aggrecan  had  a 
sharp  band  with  a  molepular  weight  about  37  kDa,  which  was  different  from  its  parental  native  glycosylation 
form. 


Fig.  6:  Characterization  of  de-glycosylation  form 
of  aggrecan.  Three  sites  of  asparagine  of  aggrecan, 
which  is  normally  used  for  glycosylation,  were 
changed  into  glycine  by  site-directed  mutation 
(AAT  or  AAC  to  CAG).  The  purified  de- 
glycosylation  form  of  aggrecan  was  compared  by 
with  native  aggrecan  using  Western  blotting.  While 
the  parental  native  glycosylated  aggrecan  had  a  very 
board  ranges  of  molecular  weight,  the  de- 
glycosylation  form  of  aggrecan  had  a  sharp  band 
with  a  molecular  weight  about  37  kDa. 


After  confirming  that  we  had  the  right  protein  of  aggrecan,  we  decided  to  use  native  form,  since  the 
glycosylation  may  be  needed  for  its  bioactivity. 


2.  HA  binding  activity  of  human  recombinant  aggrecan. 

The  basic  property  of  aggrecan  is  to  bind  to  HA.  To  determine  if  the  purified  human  recombinant 
aggrecan  possesses  this  property,  the  HA  binding  assay  was  carried  out.  Twenty  pi  of  biosynthesized  ^H-HA 
(5  X  10^  cpm/pg  HA,  made  by  Dr.  Charles  B.  Underhill  in  our  Cancer  Center)  was  mixed  with  10  pg  of 
human  recombinant  aggrecan  or  Metastatin  (bovine  HABP  purified  from  nasal  cartilage  using  HA  affinity 
column,  as  positive  control)  without  (as  test)  or  with  50  fold  excess  of  cold  HA  (as  competition  control), 
incubated  for  Ihr,  applied  to  nitrocellulose  membrane  on  dolt  blot  apparatus,  and  washed  5  times  with  PBS 
to  get  rid  off  free  ^H-HA.  Each  membrane  circle  with  bound  human  recombinant  aggrecan-^H-HA  was  cut 
out  individually  and  counted  for  radioactivity.  The  results  (Fig.  6)  showed  that  both  recombinant  aggrecan 
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and  Metastatin  had  a  strong  ^H-HA  binding  activity,  which  could  be  blocked  by  50  fold  excess  of  cold  HA, 
suggesting  that  recombinant  aggrecan  do  have  its  bioactivity. 


Binding  to  ^H-HA 


o 

CD 


Fig.  6:  Binding  of  human  recombinant  aggrecan  to  HA. 

Ten  |ig  of  purified  recombinant  aggrecan  or  Metastatin  (as 
positive  control)  was  mixed  with  20  pi  of  biosynthesized  ^H- 
HA  (5  X  10^  cpm/pg  HA)  without  (as  test)  or  with  50  fold 
excess  of  cold  HA  (as  competition  control),  incubated  for  Ihr, 
applied  to  nitrocellulose  membrane  on  dolt  blot  apparatus  and 
washed  5  times  with  PBS  to  get  rid  off  free  ^H-HA.  The 
bound  ^H-HA  was  counted  with  p-counter.  The  result 
indicated  that  recombinant  aggrecan  do  have  its  bioactivity. 


3.  Effect  of  aggrecan  on  endothelial  cells 


Our  previous  study  has  showed  that  the  Metastatin,  purified  HASP  from  bovine  cartilage  has  strong 
anti-angiogenesis  effect,  which  is  responsible  for  its  anti-tumor  activity  (9).  To  see  if  this  is  possessed  by 
human  recombinant  aggrecan,  100  pg/ml  of  aggrecan  or  Metastatin  (as  positive  control)  was  added  to  media 
of  HUVEC  (human  xunbilical  vein  endothelial  cells)  cultured  in  96  well  plate  for  two  day  and  then  added  30 
pCi/well  of  ^H-TdR.  After  8  hours,  the  cells  were  harvested  with  96  auto-harvester  and  the  incorporated  ^H- 
TdR  was  covmted  with  a  P-counter.  The  result  (Fig.  7  A)  indicated  that  the  recombinant  aggrecan  had  a 
strong  inhibitory  effect  on  the  proliferation  of  endothelial  cells.  To  confirm  that  this  effect  was  not  due  to 
the  other  contamination  in  the  preparation  of  aggrecan,  the  aggrecan  was  heated  to  100  °C  to  destroy  the 
protein  conformation  and  then  tested  with  ^H-TdR  proliferation  assay.  The  result  (Fig.  7  B)  showed  that 
after  the  heat-inactivation,  inhibitory  effect  of  the  aggrecan  on  proliferation  of  HUVEC  was  disappeared, 
suggesting  that  the  natural  structure  of  the  aggrecan  is  required  for  its  anti-endothelium  activity.  The 
difference  between  the  test  and  the  control  was  statistically  significant  (p<0.05). 

A  B 


Effect  of  Metastatin  and  Aggrecan 
•g-  on  Proliferation  of  HUVEC 


Effect  of  Aggrecan  on 
HUVEC  Cells 


Fig.  7  Effect  of  recombinant 
aggrecan  on  endothelial  cells.  100 

pg/ml  of  aggrecan  or  Metastatin  (as 
positive  control)  was  added  to  media  of 
HUVEC  (human  umbilical  vein 
endothelial  cells)  cultured  in  96  well 
plate  for  two  day  and  then  added  30 
pCi/well  of  ^H-TdR.  After  8  hours,  the 
cells  were  harvested  with  96  auto¬ 
harvester  and  the  incorporated  ^H-TdR 
was  counted  with  a  p-counter.  A: 
Inhibitory  effect  of  aggrecan  on 
HUVEC;  B:  The  action  specificity  of 
aggrecan;  the  natural  structure  of  the 
aggrecan  is  required  for  its  anti¬ 
endothelium  activity. 
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4.  In  vivo  anti-tumor  effect  of  aggrecan 

We  were  eager  to  see  the  effect  of  aggrecan  on  tumor  growth.  Two  million  of  TSU  tumor  cells 
(recently  this  cell  line  was  identified  as  bladder  cancer  cells,  not  a  prostate  cancer  cell  line,  10)  were  placed 
on  top  of  CAM  of  10  days  old  chicken  embryos.  Two  days  later,  100  pg  of  aggrecan  was  i.v.  injected  into  ' 
CAM  and  four  days  later,  the  tumors  were  harvested,  pictured  and  weighted.  The  results  showed  that  the 
tumors  in  the  aggrecan  treated  group  were  smaller  than  the  control  (Fig.  8A)  and  the  difference  in  the  tumor 
weight  between  two  groups  was  statistically  significant  (Fig.  8  B,  P<0.05).  There  was  no  difference  in  the 
chicken  weight  between  two  groups  (Fig.  8  C,  P>0.05),  indicating  that  the  aggrecan  was  not  toxic  to  the 
embryo  and  did  not  impair  the  normal  development. 
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Fig  8.  In  vivo  anti-tumor  effect  of  aggrecan.  Two  million  of  TSU  tumor  cells  were  placed  on  top  of  CAM  of 
10  days  old  chicken  embiyos.  Two  days  later,  100  pg  of  aggrecan  was  i.v.  injected  into  CAM  and  four  days  later  the 
turnors  were  harvested,  pictured  and  weighted.  A:  Pictures  of  TSU  tumors;  B:  Tumor  weights;  D:  Weights  of  chicken 
embiyos.  Compared  to  the  control,  the  aggrecan  strongly  inhibited  the  tumor  growth  in  vivo  (P<0  05)  but  not 
impairing  the  normal  development  (P>0.05). 


In  summary,  in  past  year,  we  have  successfully  finished  the  following  works:  1)  cloned  993  bp  of 
cDNA  cording  for  N-terminus  of  human  aggrecan,  which  consists  of  at  least  six  HA  binding  motifs;  2) 
inserted  the  cDNA  into  yeast  expression  vector;  3)  purified  the  recombinant  human  aggrecan  for  the  media 
of  transformed  yeast;  4)  characterized  that  this  recombinant  aggrecan  was  highly  glycosylated;  5) 
demonstrated  that  the  recornbinant  aggrecan  could  inhibit  the  proliferation  of  endothelial  cells;  and  6) 
demonstrated  that  the  recombinant  aggrecan  could  inhibit  the  tumor  growth  in  vivo. 

We  believe  that  this  part  of  study  is  very  meaningful:  1)  it  determines  that  the  aggrecan  is  an  anti¬ 
tumor  element  in  cartilage;  2)  the  aggrecan  in  human  form  may  be  used  directly  in  patients,  if  the  effect  is 
potent  enough;  3)  the  cDNA  cloned  in  this  study  may  be  used  for  gene  therapy. 


Next  year,  we  will  further  test:  1)  if  the  effect  of  recombinant  aggrecan  is  dose-dependent;  2)  if  link 
protein,  an  other  component  of  HA  binding  protein  from  cartilage,  also  possess  anti-tumor  effect;  3)  the 
mechanism  underlying  the  anti-tumor  effect  of  HABPs  from  cartilage. 
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Key  Research  Accomplishments 

Taken  together,  in  past  year,  we  have  successfully  finished  the  following  works:  1)  cloned  993  bp  of 
cDNA  cording  for  N-terminus  of  human  aggrecan,  which  consists  of  at  least  six  HA  binding  motifs;  2) 
inserted  the  cDNA  into  yeast  expression  vector;  3)  purified  the  recombinant  human  aggrecan  for  the  media 
of  transformed  yeast;  4)  characterized  that  this  recombinant  aggrecan  was  highly  glycosylated;  5) 
demonstrated  that  the  recombinant  aggrecan  could  inhibit  the  proliferation  of  endothelial  cells;  and  6) 
demonstrated  that  the  recombinant  aggrecan  could  inhibit  the  tumor  growth  in  vivo. 

We  believe  that  this  part  of  study  is  very  meaningful:  1)  it  determines  that  the  aggrecan  is  an  anti¬ 
tumor  element  in  cartilage;  2)  the  aggrecan  in  human  form  may  be  used  directly  in  patients,  if  the  effect  is 
potent  enough;  3)  the  cDNA  cloned  in  this  study  may  be  used  for  gene  therapy. 

Next  year,  we  will  focused  on:  1)  if  the  effect  of  recombinant  aggrecan  is  dose-dependent;  2)  if  link 
protein,  an  other  component  of  HA  binding  protein  from  cartilage,  also  possess  anti-tumor  effect;  3)  the 
mechanism  underlying  the  anti-tumor  effect  of  HABPs  from  cartilage. 


Conclusions 

•  The  N-terminus  of  aggrecan  has  HA  binding  activity  and  can  be  obtained  as  a  recombinant  protein  from 
yeast  with  glycosylation. 

•  Aggrecan  is  an  anti-tumor  element  in  cartilage.  It  may  responsible  for  the  anti-tumor  effect  that  we 
observed  in  the  first  year. 

•  The  recombinant  human  aggrecan  may  be  useful  for  clinical  trial,  if  it  has  potent  anti-tumor  effect. 

•  The  cDNA  cloned  in  this  study  may  be  used  for  gene  therapy. 
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ABSTRACT 

Hyaluronan  synthase  3  (HAS3)  is  responsible  for  the  production  of  both 
secreted  and  cell-associated  forms  of  hyaluronan  and  is  the  most  active  of 
the  three  isoforms  of  this  enzyme  in  adults.  In  this  study,  the  cDNA  for 
human  HAS3  was  cloned  and  characterized.  The  open  reading  frame 
consisted  of  1659  bp  coding  for  553  amino  acids  with  a  deduced  molecular 
weight  of  about  63,000  and  isoelectric  pH  of  8.70.  The  sequence  of  human 
HAS3  displayed  a  53%  identity  to  HASl  and  a  67%  identity  to  HAS2.  It 
also  contained  a  signal  peptide  and  six  potential  transmembrane  domains, 
suggesting  that  it  was  associated  with  the  plasma  membrane.  To  evaluate 
the  physiological  role  of  human  HAS3,  expression  vectors  for  this  protein 
were  transfected  into  TSU  cells  (a  prostate  cancer  cell  line),  and  the 
phenotypic  changes  in  these  cells  were  examined.  The  enhanced  expres¬ 
sion  of  hyaluronan  in  the  transfected  cells  was  demonstrated  by  dot  blot 
analysis  and  ELISA.  These  cells  were  found  to  differ  from  their  vector- 
transfected  counterparts  with  respect  to  the  following:  («)  they  grew  at  a 
faster  rate  in  high  (but  not  low)  density  cultures;  {b)  conditioned  media 
from  these  cells  stimulated  the  proliferation  and  migration  of  endothelial 
cells;  (c)  when  placed  on  the  chorioallantoic  membrane  of  chicken  em¬ 
bryos,  these  cells  formed  large,  dispersed  xenografts,  whereas  the  control 
transfectants  formed  compact  masses;  and  (</)  when  injected  s.c.  into  nude 
mice,  the  xenografts  formed  by  HAS3  transfectants  were  bigger  than  those 
formed  by  control  transfectants.  Histological  examination  of  these  xe¬ 
nografts  revealed  the  presence  of  extracellular  hyaluronan  that  could  act 
as  conduits  for  the  diffusion  of  nutrients.  In  addition,  they  had  a  greater 
number  of  blood  vessels.  However,  the  HAS3-transfected  TSU  cells  did 
not  display  increased  metastatic  properties  as  judged  by  their  ability  to 
form  lung  masses  after  i.v.  injection.  These  results  suggested  that  the 
HAS3-induced  overexpression  of  hyaluronan  enhanced  tumor  cell  growth, 
extracellular  matrix  deposition,  and  angiogenesis  but  was  not  sufficient  to 
Induce  metastatic  behavior  in  TSU  cells. 

INTRODUCTION 

A  number  of  studies  have  suggested  that  the  production  of  hyalu¬ 
ronan  is  associated  with  the  metastatic  behavior  of  tumor  cells  (K1 1); 
e,g.,  Toole  et  al  (i)  have  shown  that  invasive  tumors  formed  by  V2 
carcinoma  cells  in  rabbits  have  higher  concentrations  of  hyaluronan 
than  noninvasive  tumors  formed  by  these  same  cells  in  nude  mice. 
Similarly,  Kimata  et  al  (2)  found  that  a  strain  of  mouse  mammary 
carcinoma  cells  with  a  high  metastatic  potential  produced  signifi¬ 
cantly  greater  amounts  of  hyaluronan  than  a  similar  strain  with  a  low 
metastatic  potential.  In  a  previous  study  (3),  we  found  that  the  amount 
of  hyaluronan  on  the  siirfaces  of  mouse  B16  melanoma  cells  was 
directly  correlated  with  their  ability  to  form  lung  metastases.  Finally, 
increased  levels  of  hyaluronan  production  have  been  correlated  with  a 
variety  of  metastatic  tumors,  including  carcinomas  of  the  breast,  lung, 
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liver,  pancreas,  and  kidney  (Wilms’  tumor)  (4-9).  Indeed,  in  the  case 
of  Wilms’  tumor  (10)  and  mesotheliomas  (1 1),  the  increased  levels  of 
hyaluronan  in  the  serum  of  these  patients  has  been  regarded  as  a 
diagnostic  marker  for  the  clinical  course  of  these  conditions.  Thus, 
there  appears  to  be  a  correlation  between  hyaluronan  production  and 
metastatic  behavior. 

At  present,  three  closely  related  isoforms  for  HAS^  have  been 
described,  termed  HASl,  2,  and  3,  each  of  which  appears  to  be 
associated  with  the  plasma  membrane  (12-19).  They  have  a  predicted 
molecular  mass  of  approximately  63  kDa,  and  transfection  of  cells 
with  expression  vectors  for  each  of  these  isoforms  can  induce  the 
synthesis  of  hyaluronan  and  the  formation  of  a  pericellular  coat. 
However,  the  three  isoforms  are  distinguished  from  each  other  with 
respect  to:  (a)  their  expression  pattern  during  embryonic  development 
and  distribution  in  adult  tissues;  (b)  the  phenotype  of  knockout  mu¬ 
tants  in  mice  in  which  loss  of  HAS2  resulted  in  an  embryonic 
lethality,  whereas  ones  deficient  in  HASl  and  HAS3  were  viable  and 
had  no  obvious  phenotype;  (c)  the  rate  at  which  they  carry  out 
hyalxuonan  synthesis,  with  HASS  being  more  active  than  either  HASl 
and  HAS2;  and  (d)  the  size  of  the  hyaluronan  produced  by  the 
different  isoforms  with  HASS  giving  rise  to  a  somewhat  smaller 
product  than  either  HASl  or  2  (17,  18). 

Several  recent  studies  have  shown  that  transfection  of  tumor  cells 
with  expression  vectors  for  hyaluronan  synthase  alters  their  behavior; 
e.g.,  Kosaki  et  al  (20)  reported  that  the  transfection  of  human  fibro¬ 
sarcoma  cells  with  H AS2  enhanced  both  anchorage-independent 
growth  and  tumorigenicity.  In  addition,  Itano  et  al  (21)  have  found 
that  clones  of  mouse  mammary  cancer  cells  that  had  low  levels  of 
hyaluronan  synthesis  demonstrated  decreased  metastatic  properties, 
which  could  be  restored  if  the  cells  were  transfected  with  an  expres¬ 
sion  vector  for  HASl. 

In  this  study,  we  have  cloned  and  characterized  the  full-length 
cDNA  for  human  HASS  and  examined  its  potential  role  in  tumor  ^ 
progression.  An  expression  vector  canying  HAS3  was  transfected  into 
TSU  prostate  cancer  cells,  and  alterations  in  the  phenotype  of  the 
resulting  cells  were  examined.  We  found  that  the  HAS3-induced 
overexpression  of  hyaluronan  enhanced  the  rate  of  tumor  cell  growth 
both  in  vitro  and  in  vivo.  Xenografts  of  the  HASS -transfected  cells 
grew  faster  and  larger,  demonstrated  a  hyaluronan-rich  stroma  and 
increased  vascularization.  However,  transfection  with  HAS3  did  not 
shift  the  TSU  cells  to  a  more  metastatic  phenotype,  suggesting  that 
hyaluronan  alone  is  not  sufficient  for  metastasis  in  the  case  of  TSU 
cells, 

MATERIALS  AND  METHODS 

Cell  Lines.  The  TSU  human  prostate  cancer  cell  line  was  obtained  from  the 
Tumor  Cell  Line  Bank  of  the  Lombardi  Cancer  Center  (Georgetown  Univer¬ 
sity,  Washington  DC)  and  maintained  in  10%  calf  serum,  90%  DMEM.  ABAE 
cells  were  kindly  provided  by  Dr.  Luyuan  Li  (Lombardi  Cancer  Center, 
Washington  DC)  and  were  cultured  in  10%  fetal  bovine  serum,  90%  DMEM 
containing  2  ng/ml  basic  fibroblast  growth  factor. 


^  The  abbreviations  used  are:  HAS,  hyaluronan  synthase;  ABAE,  adult  bovine  aorta 
endothelial  cells;  b-HABP,  biotinylated  hyaluronan-binding  protein  from  cartilage;  RT- 
PCR,  reverse  transcription-polymerase  chain  reaction. 
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Cloning  and  Characterizadon  of  cDNA  for  Human  HAS3.  Oligonucleo¬ 
tide  primers  for  PCR  of  a  partial  sequence  of  cDNA  for  human  HAS3  were 
designed  according  to  the  published  sequence  of  Spicer  and  McDonald  (Ref 
17;  GenBank  accession  no.  U86409)  and  consisted  of  the  following:  5'- 
TCCTACTTTGGCTGTGTGCAG  and  3'-AGATTTG7TGATGGTAGCA- 
AT.  A  human  brain  cDNA  library  (Clontech,  Palo  Alto,  CA)  was  used  as  a 
template,  and  PCR  was  performed  to  generate  a  570-bp  fragment  of  human 
HAS3  cDNA.  This  fragment  was  then  used  to  probe  the  human  brain  cDNA 
library.  Positive  clones  were  isolated,  amplified,  and  sequenced.  The  Mac- 
Vector  program  was  used  to  cany  out  homologue  analysis  of  the  cloned  human 
HASS  with  other  human  and  mouse  HASs. 

Construction  and  Transfection  of  Human  HAS3  Expression  Vector. 
The  cDNA  for  HAS3  was  subcloned  into  the  pcDNA3  mammalian  expression 
vector  (Invitrogen,  Carlsbad,  CA),  and  correct  clones  were  identified  by 
restriction  endonuclease  map  analysis.  The  HAS3-pcDNA3  or  pcDNA3  (con¬ 
trol  vector)  were  transfected  into  TSU  cells  using  the  calcium  precipitation 
method  (22).  The  clones  that  survived  in  i  mg/ml  of  Geneticin  (G418)  (>100 
individual  clones  in  each  case)  were  pooled  and  expanded  for  further  charac¬ 
terization. 

Characterization  of  Transfected  Cells.  The  presence  of  HAS3  message 
was  determined  by  RT-PCR  using  the  GeneAmp  RNA  PCR  kit  (Perkin-Elmer, 
Branchburg,  NJ).  The  primers  consisted  of  the  following:  5'-TCATGGTGGT- 
GGATGGCAACCGC  and  3'-CTAAGCCACCTGATGTACGTCCA,  which 
gave  rise  to  a  283-bp  reaction  product  with  HAS3  and  a  324.bp  product  with 
HAST  The  amplified  sequences  were  analyzed  by  agarose  gel  electrophoresis 
followed  by  staining  with  ethidium  bromide. 

Two  methods  were  used  to  determine  hyaluronan  production  by  the  trans¬ 
fected  cells.  The  first  consisted  of  dot  blot  analysis  of  secreted  hyaluronan,  in 
which  conditioned  media  from  vector-TSU  and  HAS3-TSU  cells  that  had  been 
cultured  at  similar  densities  for  3  days  were  applied  to  nitrocellulose  mem¬ 
brane  using  a  dot  blot  apparatus.  After  washing  with  PBS  containing  0.1% 
Tween  20,  the  membrane  was  blocked  with  5%  nonfat  milk  and  1%  poly¬ 
vinylpyrrolidone  in  PBS  for  30  rain.  The  hyaluronan  was  detected  by  sequen¬ 
tial  incubations  in  1  fig/m\  of  b-HABP  (23)  for  1  h,  0.25  fig/ml  of  peroxidase- 
labeled  stieptavidin  for  1  h,  and  finally  a  chemiluminescent  substrate  for 
peroxidase. 

The  second  method  for  quantitation  of  hyaluronan  consisted  of  a  modified 
enzyme-linked  assay  (23).  For  this  assay,  a  high-bound  ELISA  plate  (Falcon, 
Lincoln  Park,  NJ)  was  coated  with  100  /xg/ml  of  crude  human  umbilical  cord 
hyaluronan  (Sigma  Chemical  Co.,  St.  Louis,  MO)  in  PBS  at  room  temperature 
overnight  and  blocked  with  10%  calf  serum,  90%  PBS.  The  samples  of 
conditioned  media  and  cell  lysates  were  adjusted  to  equal  protein  concentra¬ 
tions,  and  25-/X1  samples  were  mixed  with  100  /xl  of  50  /xg/ml  of  b-HABP  at 
37°C  for  1  h  and  then  transferred  to  the  hyaluronan-coated  ELISA  plate.  The 
unbound  b-HABP  remaining  in  the  sample  mixture  could  then  bind  to  the 
hyaluronan-coated  plate  and  was  detected  by  incubation  with  0.5  fLg/ml  of 
peroxidase-labeled  streptavidin  followed  by  a  peroxidase  substrate  consisting 
of  H2O2  and  azinobis  (3 -ethyl -benzthiazo line  sulfonic  acid)  in  0.1  m  Na  citrate 
(pH  5.0).  The  plate  was  read  at^"^^,  and  the  concentration  of  hyaluronan  in  the 
samples  was  calculated  from  a  standard  curve. 

The  expression  of  CD44  by  the  vector-TSU  and  HAS3-TSU  cells  was 
examined  by  Western  blotting.  For  this,  both  low-  and  high-density  cultures 
were  harvested  with  EDTA  in  PBS,  and  equivalent  amounts  of  protein  were 
dissolved  in  Laemmli  sample  buffer  under  nonreducing  conditions  and  clec- 
trophoresed  on  a  10%  SDS  polyacrylamide  gel.  The  resulting  gel  was  elec- 
trophoretically  transferred  to  a  sheet  of  nitrocellulose  and  stained  for  CD44 
using  the  BU52  monoclonal  antibody  (The  Binding  Site,  Birmingham,  United 
Kingdom)  as  described  previously  (24). 

Anchorage-dependent  Growth.  Aliquots  of  medium  (10%  calf  serum, 
90%  DMEM)  containing  5000  transfected  cells  were  added  to  24-well  dishes. 
At  various  times,  the  cells  were  harvested  in  5  mM  EDTA  in  PBS,  and  the  cell 
number  was  determined  with  a  Coulter  counter.  In  some  experiments,  the  cells 
were  grown  in  the  presence  of  2  to  200  fig/ml  of  high  molecular  weight 
hyaluronan  (Lifecore  Biomedical,  Chaska,  MN)  for  7  days. 

Colony  Formation.  Vector-TSU  or  HAS3-TSU  cells  (20,000)  were  sus¬ 
pended  in  1  ml  of  0.36%  agarose,  10%  fetal  bovine  serum,  90%  DMEM  and 
then  immediately  placed  on  top  of  a  layer  of  0.6%  solid  agarose  with  10%  fetal 
bovine  serum,  90%  DMEM.  Two  weeks  later,  the  number  of  colonies  larger 


than  50  fim  in  diameter  was  quantified  using  an  Omnicon  Image  Analysis 
system  (Imaging  Products  International,  Chantilly,  VA). 

Endothelial  Cell  Proliferation  and  Migration.  For  the  proliferation  as¬ 
say,  2X10^  ABAE  cells  were  subcultured  into  96-weIl  plates  and  allowed  to 
grow  overnight.  The  next  day,  the  media  was  replaced  with  150  p.1  of  1%  calf 
serum,  99%  DMEM  along  with  50  jxl  of  conditioned  medium  from  either 
vector-TSU  or  HAS3-TSU  cells.  After  36  h,  0.3  juCi  of  [^H]thymidine  was 
added  to  each  well,  and  8  h  later  the  cells  were  processed  with  an  autohar¬ 
vester.  The  incorporated  [^H]thymidine  was  determined  with  a  ^-counter. 

For  the  migration  assay,  25 -/utl.  aliquots  of  10%  FCS,  90%  DMEM  contain¬ 
ing  5  X  10^  ABAE  cells  were  added  to  bottom  wells  of  a  48-well  Boyden 
chamber  (Nucleopore,  Pleasanton,  CA)  and  then  covered  vrith  a  nucleopore 
membrane  (5-/im  pore  size)  coated  with  0.1  mg/ml  gelatin  (25).  The  top  well 
chamber  was  assembled  and  inverted  for  2  h  to  allow  the  cells  to  adhere  to  the 
bottom  side  of  membrane  and  then  turned  upright.  Conditioned  medium  (50 
^1)  from  either  the  vector-TSU  or  HAS3-TSy  cells  was  added  to  top  wells  of 
the  chamber  and  incubated  for  2  h.  The  membrane  was  removed,  the  bottom 
side  was  carefully  wiped  to  remove  cells  that  had  not  migrated,  and  then  the 
cells  on  the  topside  were  stained  with  Hema  3  (Biochemical  Science,  Swe- 
denboro,  NJ).  The  membrane  was  placed  on  a  slide,  and  the  number  of  cells 
that  had  migrated  to  the  topside  were  counted  in  10  random  high-powered 
fields. 

Tumor  Growth  and  Metastasis  Assay.  Two  assay  systems  were  used  to 
determine  tumor  growth  in  vivo.  In  the  first  assay,  2  X  10®  vector-TSU  and 
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Fig.  1.  Nucleotide  sequence  and  derived  amino  acid  sequence  of  human  HA^.  The 
open  reading  frame  of  human  HASS  consists  of  1659  bp  coding  for  553  amino  acids.  The 
signal  peptide  (first  27  amino  acids)  and  the  six  transmembrane  domains  are  underlined. 
Between  the  first  transmembrane  domain  (amino  acids  43  to  65)  and  the  second  trans¬ 
membrane  domain  (amino  acids  384  to  402)  there  is  a  stretch  of  3 19  amino  acids  located 
outside  of  the  plasma  membrane,  which  is  probably  the  major  functional  region  for  the 
synthase  activity.  The  remaining  1 70  amino  acids  in  the  COOH  terminus  (amino  acids  384 
to  553)  contain  five  transmembrane  domains  that  can  form  loops  that  span  the  plasma 
membrane.  The  GenBank  accession  no.  is  AF234839. 
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Fig.  2.  Comparison  of  the  human  HAS3  with 
other  members  of  the  HAS  family.  Human  HAS3  is 
about  53%  identical  to  HASl,  67%  identical  to 
HAS2  of  both  human  and  mouse  (m),  arid  96% 
ideritical  to  mouse  HAS3. 
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HAS3-TSU  cells  were  placed  on  the  chorioallantoic  membranes  of  10-day-old 
chicken  embryos  (15  eggs/group)  and  incubated  at  3TC  for  5  days.  The  tumor 
masses  that  grew  on  the  chorioallantoic  membranes  were  removed,  photo¬ 
graphed,  and  weighed.  In  the  second  assay  system,  the  transfected  cells  were 
injected  s.c.  into  5-week-old  male  nude  mice  (2X10*  cells/site;  five  mice/ 
group),  and  the  size  of  the  xenografts  was  measured  twice  a  week.  At  the  end 
of  3  weeks,  the  mice  were  sacrificed,  and  the  xenografts  were  photographed, 
weighted,  and  then  fixed  with  3.7%  formaldehyde  or  frozen  in  liquid  nitrogen 
for  immunohistochemical  staining. 

To  examine  experimental  metastasis,  5X10^  vector-TSU  and  HAS3-TSU 
cells  were  injected  into  the  tail  veins  of  5-week-old  nude  mice  (five  mice/ 
group).  Three  weeks  later,  the  mice  were  sacrificed,  and  the  lungs  were 
examined  under  a  dissecting  microscope  for  metastases. 

Histological  Staining.  To  stain  cultured  cells  for  hyaluronan,  the  trans¬ 
fected  cells  were  seeded  into  an  8-well  chamber  slide  (Nunc,  Naperville,  IL) 
and  allowed  to  grow  to  confluence.  After  fixation  in  3.7%  formaldehyde  for  5 
min,  the  cells  were  washed  and  stained  with  10  ^ig/ml  b-HABP  in  10%  calf 
serum,  90%  PBS,  followed  by  4  of  peroxidase-conjugated  streptavidin 
and  finally  a  substrate  consisting  of  3-amino-9-ethyl-carbazole  and  HjOs  that 
gives  a  dark  red  reaction  product  (23). 

To  stain  xenografts  for  hyaluronan,  the  tissue  was  fixed  with  formalde¬ 
hyde,  embedded  in  paraffin,  and  cut  into  5-/xm  thick  sections.  After  the 
removal  of  the  paraffin,  the  sections  were  processed  as  described  above. 
After  the  immunoperoxidase  reaction  step,  the  sections  were  counter- 


stained  with  Mayer’s  hematoxylin  and  then  preserved  with  Crystal/Mount 
(Biomeda,  Foster  City,  CA). 

To  stain  for  endothelial  cells,  samples  of  the  xenografts  were  rapidly  frozen, 
cut  into  I0-/xm  thick  sections,  fixed  in  acetone,  and  air-dried.  The  sections 
were  incubated  sequentially  with:  (a)  a  1:30  dilution  of  rat  antimouse  CD3I 
(PharMigen,  San  Diego,  CA)  in  10%  calf  serum,  90%  PBS  for  1  h;  (b) 
avidin-biotin  complex  method  reagents  for  rat  IgG  (ABC  kits;  Biomeda);  (c)  a 
peroxidase  substrate  consisting  of  H2O2  and  3-amino-9-ethyl-carbazole;  and 
{d)  counter-stained  with  Mayer’s  hematoxylin.  The  numbers  of  immunoposi- 
tive  spots  corresponding  to  small  blood  vessels  were  counted  in  10  random 
fields  of  three  samples  from  each  group. 

Statistical  Analysis.  The  mean  and  SE  were  calculated  from  the  raw  data 
and  then  subjected  to  Student’s  t  test.  The  P  <  0.05  was  regarded  as  statisti¬ 
cally  significant. 

RESULTS 

Cloning  and  Characterization  of  Human  HAS3.  The  full-length 
cDNA  for  HAS3  was  cloned  from  a  cDNA  libraiy  of  human  brain 
using  a  probe  consisting  of  a  known  partial  sequence  of  the  gene.  The 
open  reading  frame  contained  1659  bp  coding  for  553  amino  acids  and 
is  shown  in  Fig.  1 .  The  HAS3  protein  had  a  deduced  molecular  weight 
of  about  63,000  and  a  pi  of  8.70.  The  first  27  amino  acids  represented 
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Fig.  3.  Analysis  of  vector-TSU  and  HAS3-TSU  cells  for  HAS3  mRNA  and  hyaluronan 
production.  A,  for  the  analysis  of  HAS3  message,  RNA  was  extracted  from  the  cultured 
cells  and  subjected  to  RT-PCR  as  described  in  “Materials  and  Methods.**  Agarose  gel 
electrophoresis  of  the  reaction  products  showed  that  the  HAS3-TSU  cells  contained  a 
prominent  band  of  approximately  280  bp  that  was  absent  from  the  vector-TSU  cells.  The 
positions  of  markers  for  100  through  400  bp  are  indicated  by  the  arrowheads  in  the  first 
lane.  B,  for  the  analysis  of  hyaluronan  production,  conditioned  media  from  the  transfected 
cells  was  applied  to  nitrocellulose  using  a  dot  blot  apparatus  and  stained  for  hyaluronan 
using  b-HABP,  followed  by  peroxidase-labeled  streptavidin  and  a  chemiluminescence 
reagent.  The  dots  represent  the  hyaluronan  in  conditioned  media  of  vector-TSU  cells  (left) 
and  H  AS3-TSU  cells  (right).  C  and  D,  the  amount  of  hyaluronan  in  conditioned  media  and 
cell  lysates  as  determined  by  an  ELISA  are  shown  respectively.  The  increase  of  hyalu¬ 
ronan  in  conditioned  media  and  lysates  from  HAS3-TSU  cells  as  compared  with  the 
vector-TSU  cells  was  statistically  significant  (P  <  0.05), 

the  signal  peptide  (the  cleavage  site  is  between  ILA  and  AY).  There 
were  six  transmembrane  sequences,  one  in  the  NH2  terminus  and  five 
in  the  COOH  terminus.  Between  the  first  transmembrane  sequence 
(from  amino  acid  43  to  65)  and  second  transmembrane  sequence 
(from  amino  acid  384  to  402),  there  was  a  stretch  of  319  amino  acids 
located  outside  of  plasma  membrane,  which  appeared  to  be  the  major 
functional  region  for  polysaccharide  synthesis.  The  170  amino  acids 
in  the  COOH  terminus  (from  amino  acid  384  to  553)  contained  five 
transmembrane  domains  that  can  form  loops  spanning  in  and  out  of 
the  plasma  membrane.  A  potential  AT-glycosylation  site  was  present  at 
amino  acid  position  462,  a  glycosaminoglycan  attachment  site  at 
position  464,  and  several  phosphorylation  sites  for  tyrosine  kinase, 
casein  kinase,  protein  kinase  C,  and  cyclic  AMP-  and  cyclic  GMP- 
dependent  protein  kinases.  HAS3  also  contained  seven  hyaluronan- 
binding  motifs  of  in  which  B  is  either  R  or  and  Xj  contains 

no  acidic  residues  and  at  least  one  basic  amino  acid  (26).  Similar 
domains  are  present  in  other  hyaluronan-binding  proteins  such  as 
RHAMM,  CD44,  hyaluronidase,  link  protein,  aggrecan,  human 
GHAP,  and  TSG-6.  Fig.  2  shows  that  compared  with  related  en2ymes, 
human  HAS3  was  about  53%  identical  to  HASl  (both  human  and 
mouse  forms),  67%  identical  to  HAS2,  and  96%  identical  to  mouse 
HAS3.  These  results  are  consistent  with  earlier  studies  of  this  and 
related  genes  (13-19). 

Overexpression  of  Hyaluronan  in  TSU  Cells  Transfected  with 
HAS3.  To  examine  the  role  of  HAS3  in  tumor  progression,  the 
cloned  cDNA  was  inserted  into  a  mammalian  expression  vector 
(pcDNA3)  under  the  control  of  a  cytomegalovirus  promoter  and  then 


transfected  into  TSU  cells  (human  prostate  cancer).  To  avoid  compli¬ 
cations  associated  with  clonal  variations,  all  of  the  clones  (>  1 00)  that 
survived  in  1  mg/ml  of  Geneticin  (G418)  were  pooled  and  expanded 
for  experimental  analysis  throughout  this  study.  The  presence  of 
HAS3  message  in  the  transfected  cells  was  examined  by  RT-PCR  as 
described  in  “Materials  and  Methods.”  When  analyzed  by  agarose  gel 
electrophoresis  (Fig.  34),  the  HAS3-TSU  cells  gave  rise  to  a  PCR 
product  of  approximately  280  bp  corresponding  to  HAS3,  whereas  no 
such  band  was  detected  in  the  vector-TSU  cells.  In  addition,  no 
reaction  product  of  314  bp  was  apparent,  indicating  that  the  message 
for  HASl  was  absent  from  these  cells. 

The  production  of  hyaluronan  by  the  transfected  cells  was  initially 
examined  by  dot  blot  analysis.  As  showed  in  Fig.  3R,  conditioned 
medium  from  HAS3-TSU  cells  contained  a  significantly  greater 
amount  of  hyaluronan  than  that  from  vector-TSU  cells.  To  quantita¬ 
tively  measure  the  hyaluronan,  a  competitive  enzyme-linked  assay 
was  performed.  Fig.  3,  C  and-D  show  that  both  conditioned  medium 
and  lysates  of  HAS3-TSU  cells  contained  greater  amounts  of  hyalu¬ 
ronan  as  compared  with  those  of  the  control  vector-TSU  cells.  How¬ 
ever,  there  was  no  obvious  difference  in  the  level  of  CD44,  a  cell 
surface  receptor  for  hyaluronan,  on  the  two  cell  types  at  either  low  or 
high  density  as  determined  by  Western  blotting  (data  not  shown). 
Taken  together,  these  results  indicate  that  the  transfection  of  TSU 
cells  with  cDNA  for  HAS3  stimulated  their  production  of  hyaluronan. 

HAS3  Promotes  Cell  Growth  at  High  Densities.  We  then  com¬ 
pared  the  growth  rates  of  the  vector-TSU  and  HAS3-TSU  cells.  For 
this,  the  transfected  cells  were  subcultured  at  similar  starting  densities, 
and  at  various  times  thereafter  the  cells  were  harvested  and  enumer¬ 
ated  with  a  Coulter  counter.  Fig.  44  shoves  that  during  the  first  4  days, 
there  was  no  obvious  difference  in  the  proliferation  rates  of  the 
vector-TSU  and  HAS3-TSU  cells.  However,  after  day  5,  the  HAS3- 
TSU  cells  began  to  proliferate  at  a  faster  rate  than  the  vector-TSU 
cells.  Thus,  at  high  densities,  the  HAS3 -transfected  cells  grew  at  a 
faster  rate.  This  conclusion  was  also  suggested  by  our  recent  finding 
that  transfection  of  MDA-231  human  breast  cancer  cells  with  anti- 
sense  to  HAS3  results  in  decreased  expression  of  hyaluronan  and 
inhibition  of  their  growth  at  high  densities.*^  Together,  these  results 
indicate  that  HAS3  plays  a  role  in  cell  proliferation  at  high  densities. 

Cultures  of  the  vector-TSU  and  HAS3-TSU  cells  were  then  com¬ 
pared  with  respect  to  their  patterns  of  growth  and  hyaluronan  staining. 
As  shown  in  Fig.  4B  (top),  the  vector-TSU  cells  displayed  a  cobble¬ 
stone  appearance  indicative  of  contact  inhibition  of  growth  with 
relatively  little  staining  of  pericellular  hyaluronan.  In  contrast,  the 
HAS3-TSU  cells  (Tig.  45,  Zjoftom)  appeared  to  have  lost  contact- 
inhibition  of  growth,  forming  numerous  multilayered  clusters  of  cells, 
which  were  associated  with  most  of  the  hyaluronan  staining.  In 
addition,  the  HAS3-TSU  cells  displayed  an  enhanced  ability  to  form 
colonies  in  soft  agar  as  compared  with  the  vector-TSU  cells  (Fig.  4C). 
Thus,  at  high  densities,  the  HAS3-transfected  cells  grew  at  a  faster 
rate,  presumably  because  they  had  partially  lost  contact  inhibition  of 
growth. 

Conditioned  Medium  from  HAS3-TSU  Stimulated  the  Prolif¬ 
eration  and  Migration  of  Endothelial  Cells.  Because  several  stud¬ 
ies  (27-29)  reported  that  hyaluronan  can  modulate  angiogenesis,  we 
examined  the  effects  of  conditioned  medium  from  HAS3-TSU  cells 
on  the  behavior  of  cultured  endothelial  cells.  When  conditioned  me¬ 
dium  from  HAS3-TSU  cells  was  added  to  the  medium  of  ABAE  cells, 
it  stimulated  their  proliferation  by  66%  as  compared  with  that  from 
vector-TSU  cells  (Fig.  54).  Furthermore,  conditioned  medium  from 
the  HAS3-TSU  also  stimulated  the  migration  of  ABAE  cells  through 


^  Unpublished  data. 
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K-  4  In  vitro  erovrth  Dattem  of  vector-TSU  and  HAS3-TSU  cells.  -4,  cell  growth  curves  for  the  transfected  TSU  cells  are  shown.  cells  were  plated  in  24-well  tohes,  md  ^ 
^  .  _• _ rat*,  rtf />»ii  cvmu/th  was  the  same  at  low  densities,  at  higher  densities,  the  HAS3-TSU  cells  grew  fester  than  the 


vf»rtnr.T<;TI  cells  (oart  a)  formed  a  comiueni  monojayer  wiin  imic  nyaiurunau  Mauuug,  mv  - - ;; - 

hvaluronan  (bar  100  am).  C,  anchorage-independent  growth  of  the  transfected  cells  is  shown.  Equal  numbers  of  vector-TSU  and  HAS3-TSU  cells  were  cultur^  in  soft  ag^  for 
weeks,  and  the  number  of  colonies  were  counted  with  Omnicon  Image  Analysis  system.  The  HA33-TSU  cells  formed  a  greater  number  of  colonies  larger  than  50  p.m  than  did  e 

vector-TSU  cells  (♦,  P  <  0.05).  This  experiment  was  performed  in  triplicate. 


nucleopore  filters  by  more  than  300%  as  compared  with  conditioned 
medium  from  control  cells  (Fig.  5B).  These.results  further  suggest  that 
the  hyaluronan  produced  by  HAS3-TSU  cells  could  exert  a  stimula¬ 
tory  effect  on  endothelial  cells. 

The  Growth  of  Transfected  Cells  on  the  Chicken  Chorioallan¬ 
toic  Membrane.  To  determine  whether  the  increased  growth  rate  of 
HAS3-TSU  cells  in  vitro  also  occurred  in  vivo,  we  examined  their 
growth  on  the  chorioallantoic  membranes  of  chicken  eggs.  In  this 
experiment,  equal  numbers  of  vector-TSU  and  HAS3-TSU  cells  were 
placed  on  the  chorioallantoic  membranes  of  10-day-old  chicken  em- 
biyos  and  allowed  to  grow  for  5  days.  The  xenografts  showed  a 
striking  divergence  in  morphology.  The  vector-TSU  cells  formed 
rounded,  nodular  xenografts  that  grew  out  of  the  membrane  surface, 
with  necrotic  tissue  in  the  center,  whereas  the  HAS3-TSU  cells  gave 
rise  to  xenografts  with  a  dispersed  morphology  within  the  membrane 
and  without  any  obvious  signs  of  necrosis.  As  shown  in  Fig.  6,  A  and 
B,  the  HAS3-TSU  xenografts  were  significantly  larger  than  those  of 
the  vector-TSU  cells.  Histological  examination  of  the  xenografts 
revealed  that,  whereas  the  vector-TSU  cells  were  compact,  the  HAS3- 
TSU  cells  were  more  dispersed  with  increased  intercellular  spaces 
(data  not  shown).  These  results  suggested  that  overexpression  of 
hyaluronan  enhanced  the  tumor  growth  on  the  chorioallantoic  mem¬ 
brane  system. 

HAS3  Promotes  the  Primary  Growth  of  TSU  Cells  but  Not 
Metastasis  in  Nude  Mice.  The  in  vivo  growth  characteristics  of  these 
cells  were  further  examined  by  injecting  them  s.c.  into  nude  mice. 
After  2  weeks,  the  xenografts  formed  by  HAS3-TSU  cells  grew  at  a 
faster  rate  and  appeared  to  be  more  vascularized  than  the  control  cells. 
After  3  weeks  of  growth,  the  HAS-3  xenografts  were  three  times 
larger  than  those  formed  by  the  vector-TSU  cells  (Fig.  7,  A  and  B), 
suggesting  that  HAS3  promotes  the  growth  of  TSU  tumor  cells  in 
mice.  These  results  are  consistent  with  those  obtained  from  the 
chicken  chorioallantoic  membrane  system. 

However,  when  transfected  cells  were  injected  into  the  tail  veins  of 
nude  mice  (five  mice/group),  no  lung  metastases  were  detected  with 


either  cell  type.  Thus,  the  overexpression  of  hyaluronan  by  itself  is  not 
sufficient  to  induce  metastatic  behavior  in  TSU  cells. 

Increased  Extracellular  Hyaluronan  and  Angiogenesis  in 
HAS3-TSU  Xenografts.  The  xenografts  from  nude  mice  were  pro¬ 
cessed  for  histology,  and  the  resulting  sections  were  stained  for 
hyaluronan  (Fig.  8^).  Although  the  xenografts  varied  from  region  to 
region,  in  general,  the  cells  in  the  vector-TSU  xenografts  were  rela¬ 
tively  homogeneous  and  compact,  and  most  of  the  hyaluronan  ap¬ 
peared  to  be  present  in  the  cytoplasm  of  the  cells  (Fig.  8i4).  In  contrast, 
the  HAS3-TSU  cells  formed  small  clusters  or  nests  of  cells  that  were 


Fig.  5.  Effect  of  conditioned  media  from  vector-TSU  and  HAS3-TSU  cells  on  endo¬ 
thelial  cells.  A,  effects  of  conditioned  media  on  the  proliferation  of  endothelial  cell  are 
demonstrated.  ABAE  cells  were  cultured  for  36  h  in  the  presence  of  conditioned  media 
from  either  vector-TSU  or  HAS3-TSU  cells,  pulsed  with  pH]thymidine  for  8  h,  harvested, 
and  processed  for  incorporated  radioactivity.  The  conditioned  media  from  HAS3-TSU 
cells  stimulated  the  ABAE  cells  to  a  greater  extent  than  that  from  v^or-TSU  cells.  B, 
effects  of  conditioned  medium  on  the  migration  of  endothelial  cells  is  shown.  Aliquots 
containing  5X10^  ABAE  cells  were  added  to  bottom  wells  of  a  48-well  Boyden  chamber, 
covered  with  a  nucleopore  membrane,  and  then  treated  with  50  /il  of  conditioned  medium 
for  2  h.  The  membrane  was  stained  with  Hema  3  and  placed  on  a  slide,  and  the  migrated 
cells  were  counted  in  10  random  fields.  Conditioned  medium  from  HAS3-TSU  cells 
significantly  increased  the  migration  of  the  endothelial  cells  as  compared  with  that  from 
the  vector-TSU  cells  (P  <0.05). 
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Fig.  6.  Growth  of  transfected  TSU  cells  on  the  chiclcen  chorioallantoic  membrane. 
Samples  of  vector-TSU  and  HAS3-TSU  cells  (2  X  10®  cells)  were  placed  on  the 
chorioallantoic  membranes  of  10-day>old  chicken  embryos  (15  eggs/group),  incubated  at 
for  5  days,  and  then  photographed.  A,  the  xenografts  of  vector-TSU  cells  (top  row) 
and  HAS3-TSU  cells  (bottom  row)  from  the  chorioallantoic  membrane  are  shown.  The 
vector-TSU  xenografts  formed  compact  nodules,  whereas  the  H  AS3-TSU  xenografts  were 
more  spread  out  and  larger.  5,  the  weights  of  the  H  AS3-TSU  xenografts  were  significantly 
greater  than  that  of  the  vector-TSU  cells  (P  <  0.05). 


surrounded  by  a  matrix  rich  in  hyaluronan  (Fig.  8.4).  Such  structures 
were  not  observed  in  the  controI-TSU  xenografts. 

The  extent  of  angiogenesis  in  these  xenografts  was  examined  by 
staining  for  mouse  endothelial  cells  using  antibodies  to  CD3 1.  Fig.  85 
shows  that  there  was  strong  positive  staining  in  HAS3-TSU  xe¬ 
nografts  as  compared  with  the  control  vector-TSU  xenografts.  The 
number  of  vessels  in  10-15  random  fields  was  significantly  higher  in 
the  HAS3-TSU  xenografts  than  in  ,the  control  xenografts  (Fig.  8C). 
This  suggests  that  increased  levels  of  hyaluronan  can  stimulate  an¬ 
giogenesis  in  mice,  and  this  may,  in  part,  account  for  the  faster  growth 
rate  of  tumors  formed  by  HAS3-TSU  cells. 

DISCUSSION 

In  this  study,  we  have  characterized  human  HAS3  with  regard  to 
both  its  structure  and  its  function  in  tumor  progression.  On  the  basis 
of  its  deduced  amino  acid  sequence,  HAS3  shares  significant  homol¬ 
ogy  with  HASl  and  HAS2,  containing  a  signal  peptide  as  well  as  six 
transmembrane  regions  strongly  suggesting  that  it  is  associated  with 
the  plasma  membrane.  Its  enzymatic  activity  was  demonstrated  by  the 
fact  that  TSU  cells  transfected  with  expression  vectors  for  HAS3 
produced  larger  amounts  of  hyaluronan  as  determined  by  histochem- 
ical  staining,  dot  blot  analysis,  and  quantitative  ELISA,  These  find¬ 
ings  are  consistent  with  earlier  studies  of  HAS  proteins  (12—19). 

This  study  also  suggested  that  stimulation  of  hyaluronan  synthesis 
in  TSU  cells  by  transfecting  them  with  HAS3  expression  vectors 
enhanced  their  growth  both  in  chicken  embryos  and  in  nude  mice. 
This  enhanced  tumor  growth  appeared  to  be  attributable  to  two 
distinct  mechanisms.  The  first  involved  a  direct  effect  on  the  tumor 
cells  themselves,  as  indicated  by  the  fact  that  in  tissue  culture,  HAS3- 
transfected  cells  grew  at  a  faster  rate  at  high  density.  The  second 
mechanism  promoting  tumor  growth  rate  resulted  from  an  increase  in 
vascularization,  as  reflected  by  the  greater  density  of  blood  vessels  in 
xenografts  from  nude  mice.  Together,  these  two  factors  contribute  to 
the  increased  tumor  growth  rate. 


At  present,  we  believe  that  the  effects  of  HAS3  transfection  on  TSU 
cell  phenotype  are  a  direct  consequence  of  increased  hyaluronan 
synthesis.  Along  these  lines,  it  is  important  to  note  that  HAS3  over¬ 
expression  increases  the  production  of  both  secreted  and  cell-associ¬ 
ated  hyaluronan.  These  two  pools  of  hyaluronan  may  have  different 
effects  on  cell  behavior.  This  was  suggested  by  preliminary  experi¬ 
ments  in  which  we  found  that  the  addition  of  high  molecular  weight 
hyaluronan  to  cultures  of  vector-TSU  or  HAS3-TSU  cells  had  no 
obvious  effect  on  their  growth  rates  (data  not  shown).  We  believe  that 
under  these  specific  conditions,  free  hyaluronan  of  high  molecular 
weight  did  not  affect  the  behavior  of  these  cells.  Rather,  we  believe 
that  it  was  the  cell-associated  fraction  of  hyaluronan  induced  by 
HAS3  that  played  a  more  important  role  in  stimulating  cell  growth. 
However,  we  cannot  eliminate  the  possibility  that  hyaluronan  of  the 
appropriate  size  and  concentration  may  indeed  influence  the  behavior 
of  TSU  cells,  similar  to  the  effects  that  it  has  on  endothelial  cells  (27, 
28).  It  is  also  possible  that  HAS3  may  have  effects  on  the  TSU  cells 
independent  of  its  function  to  promote  hyaluronan  synthesis;  c.g., 
HAS3  could  influence  the  interaction  of  the  plasma  membrane  with 
elements  of  the  cytoskeleton  and  thereby  alter  cell  behavior. 

The  hyaluronan  on  the  surface  of  cultured  cells  can  form  a  peri¬ 
cellular  coat  that  can  be  directly  visualized  by  its  ability  to  exclude 
small  particles  such  as  erythrocytes  (30).  In  the  case  of  rat  fibrosar¬ 
coma  cells,  this  coat  is  composed  of  small,  microvilli-like  projections 
that  extend  out  from  the  surface  of  the  cells  to  which  the  hyaluronan 
is  attached  (3 1 ).  This  pericellular  coat  could  stimulate  the  growth  of 
cells  by  several  different  mechanisms.  One  possible  mechanism  is  that 
it  disrupts  intercellular  junctions  and  thereby  allows  the  cells  to  detach 
from  the  substrate  so  that  they  can  divide  and  occupy  new  space 
(32-34).  This  would  allow  cells  to  overcome  contact  inhibition  of 
growth  that  is  characteristic  of  TSU  cells  and  allow  them  to  from 
multilayers  at  high-density  cultures  as  we  have  observed.  Another 
possibility  is  that  the  hyaluronan  interacts  with  receptors  on  the 
surfaces  of  cells  such  as  CD44  or  RHAMM  to  influence  their  migra¬ 
tory  and  proliferative  behavior  (35,  36). 

Extracellular  hyaluronan  can  also  stimulate  cell  proliferation  by 
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Fig.  7.  Xenografts  formed  by  transfected  TSU  cells  in  nude  mice.  Ay  the  appearance  of 
xenografts  formed  in  nude  mice  is  shown.  Mice  received  injections  of  2  X  10®  vector-TSU 
cells  (top)  or  HAS3-TSU  cells  (bottom),  and  the  xenograft  were  harvested  21  days  later. 
The  HAS3-TSU  xenografts  were  larger  than  those  of  the  vector-TSU  cells.  B,  the  weights 
of  the  HAS3-TSU  xenografts  were  significantly  greater  than  that  of  the  vector-TSU 
(P  <  0.05). 
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Fig.  8.  Staining  of  xenografts  for  hyaluronan  and  endothelial  cells.  A, 
paraffin  sections  of  vector-TSU  and  HAS3-TSU  xeno^fts  from  nude 
mice  were  stained  for  hyaluronan  (red)  and  counter-stained  with  hema¬ 
toxylin  (blue).  A  representative  section  of  a  vector-TSU  xenograft 
shows  that  most  of  the  hyaluronan  staining  w^  associated  with  the 
cytoplasm  of  the  cells,  whereas  in  a  similar  section  from  a  HAS3-TSU 
xenograft,  the  cells  were  present  in  small  clusters,  surrounded  by  a 
stroma  rich  in  hyaluronan.  Although  the  microscopic  morphology  of  the 
xenografts  varied  from  region  to  region,  the  hyaluronan-rich  stroma  was 
prevalent  in  the  HAS3-TSU  xenografts  and  absent  from  the  vector-TSU 
xenografts.  Bar,  50  fim.  B,  cryostat  sections  of  the  xenografts  were 
stained  for  endothelial  cells  using  an  antibody  against  mouse  CD31. 
Representative  fields  show  that  xenografts  formed  from  HAS3-TSU 
cells  have  a  higher  concentration  of  endothelial  cells  than  those  from 
vector-TSU  cells.  Bar,  100  ^im.  C,  the  number  of  blood  vessels  in  10 
random  fields  from  three  samples  of  each  group  are  shown.  The  HAS3- 
TSU  xenografts  had  a  significantly  higher  concentration  of  blood  ves¬ 
sels  than  that  of  the  vector-TSU  cells  (P  <  0,05). 


increasing  the  flow  of  nutrients.  Indeed,  the  extracellular  hyaluronan 
apparent  in  xenografts  of  HAS3-TSU  cells  in  nude  mice  could  serve 
as  conduits  through  which  nutrients  diffuse  to  support  cells  located 
some  distance  from  the  blood  supply  and  thus  facilitate  their  growth. 
In  the  xenografts  of  vector-TSU  cells  that  lacked  these  hyaluronan 
rich  spaces,  the  tumor  cells  formed  a  continuous  mass  and  were  more 
susceptible  to  necrosis.  Along  these  lines,  extracellular  hyaluronan  is 
prominent  in  the  lower  regions  of  most,  if  not  all,  stratified  epithelium, 
where  it  is  believed  to  maintain  spaces  so  that  nutrients  can  diffuse  to 
the  more  superficial  epithelial  cells  (37,  38). 

Hyaluronan  also  appeared  to  promote  vascularization  that  is  clearly 
important  in  regulating  tumor  growth  (39,  40).  This  was  indicated  by 
our  observation  that  xenografts  of  HAS3-TSU  cells  formed  in  nude 
mice  had  a  greater  density  of  blood  vessels  than  did  control  xe¬ 
nografts.  Part  of  this  increased  vascularization  may  be  attributable  to 
the  pericellular  spaces  generated  by  the  hyaluronan  that  provides 
space  that  facilitates  the  invasion  of  endothelial  cells.  In  addition,  the 
hyaluronan  itself  can  stimulate  the  migration  of  endothelial  cells.  This 
was  also  indirectly  suggested  by  experiments  showing  that  condi¬ 


tioned  media  from  the  HAS3-transfected  cells  stimulated  the  growth 
and  migration  of  cultured  endothelial  cells.  This  is  consistent  with  the 
earlier  studies  of  West  c/  al.  (27,  28)  who  have  shown  that  oligosac¬ 
charide  fragments  of  hyaluronan  stimulated  the  formation  of  new 
blood  vessels  in  the  chorioallantoic  membrane  of  chicken  embryos. 

Although  the  results  of  this  study  suggest  that  overexpression  of 
HAS3  in  TSU  prostate  cancer  cells  promotes  their  tumorigenicity, 
there  are  some  aspects  that  appear  to  contradict  the  findings  of  other 
studies;  e.g.,  although  we  found  that  TSU  transfectants  grew  faster  in 
culture,  Kosaki  et  al.  (20)  found  no  such  increase  in  the  growth  of 
HT1080  cells  transfected  with  HAS2  under  anchorage-dependent 
conditions;  however,  these  cells  did  form  larger  colonies  in  suspen¬ 
sion  culture.  We  believe  that  this  difference  may  be  attributable  in  part 
to  the  different  target  cells  that  were  used  in  these  studies.  The  TSU 
cells  used  as  targets  in  this  study  are  of  epithelial  origin,  whereas 
HT1080  cells  are  derived  from  a  fibrosarcoma  of  connective  tissue 
cells.  This  could  also  account  for  the  differences  seen  with  regard  to 
growth  behavior  and  the  production  of  hyaluronan  in  the  connective 
tissue  and  their  ability  to  stimulate  angiogenesis.  Alternatively,  the 
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differences  could  be  attributed  to  the  characteristics  of  the  particular 
HASs  that  were  used  in  these  studies,  because  they  differ  with  respect 
to  both  their  synthetic  activity  as  well  as  the  size  of  the  hyaluronan 
that  they  produce  (16-18). 

Another  apparent  discrepancy  was  our  observation  that  transfection 
of  TSU  cells  with  HAS3  did  not  appear  to  stimulate  their  ability  to 
form  lung  metastases  in  nude  mice.  In  contrast,  we  had  reported 
previously  (3)  that  the  levels  of  hyaluronan  on  the  surface  of  B16  cells 
were  ‘directly  correlated  vvith  their  metastatic  behavior.  Similarly, 
Itano  et  al  (21)  found  that  transfection  of  FM3A  with  HAS  1  enhanced 
their  metastatic  properties.  Again,  we  believe  that  these  divergent 
results  were  attributable  to  the  different  cell  types  that  were  used  as 
targets  for  transfection.  In  the  case  of  B16  and  FM3A,  these  cell  lines 
originally  possessed  the  ability  to  imdergo  metastasis,  and  stimulation 
of  hyaluronan  synthesis  in  these  cells  enhanced  this  innate  property.  In 
•  contrast,  TSU  cells  appeared  to  lack  this  ability  (at  least  in  nude  mice), 
and  increased  hyaluronan  synthesis,  by  itself,  is  not  sufficient  to 
promote  metastatic  prop^es.  Clearly,  the  process  of  metastasis  is  a 
complex  phenomenon  involving  the  collaboration  of  many  molecules. 
Although  the  production  of  hyaluronan  is  one  of  the  factors,  it  is  not 
sufficient  for  tumor  metastasis  in  the  case  of  TSU  cells. 

In  conclusion,  the  results  of  this  study  indicate  that  HAS3  expres- 
sion  plays  a  role  in  tumor  progression  and  are  consistent  with  earlier 
studies  demonstrating  a  correlation  between  hyaluronan  levels  and 
tumorigenicity.  Furthermore,  the  hyaluronan  may  be  acting  through 
several  different  mechanisms,  including:  (a)  a  direct  effect  on  the 
growth  of  the  tumor  cells  themselves;  {b)  the  formation  of  extracel¬ 
lular  conduits  through  which  nutrients  can  flow;  and  (c)  the  stimula¬ 
tion  of  blood  vessel  growth.  However,  these  effects  depend  upon  the 
particular  cell  type  and  the  specific  environment.  Given  the  complex¬ 
ity  of  the  effects  of  hyaluronan,  it  may  be  difficult  to  predict  exactly 
how  it  will  influence  the  behavior  of  tumor  cells.  In  the  case  of  TSU 
cells,  hyaluronan  may  be  more  of  a  facilitator  of  tumor  growth  rather 
than  an  instigator  of  metastasis. 
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#4233  Triptolide,  a  potent  antitumor  agent.  Shanmin  Yang,  ‘^'”9';'° 

Xue-Ming  Xu,  Luping  Wang,  Shimin  Zhang,  Xu-Fang  P®!’  ^2 ISSf/on 

Underhill  and  Lurong  Zhang,  the  Cell  and  Tumor  Key  Lab  of  ChinaEc^c^  on 
Ministry  at  Xiamen  University,  Xiamen,  China,  G^rgetovim  University . 

Center,  Washington,  DC,  and  PowerTech  Inc.,  Bethesda,  MD. 

TriDtolide  (TPL)  is  a  compound  (MW  360)  purified  from  the  herb  Tripterygiurn 
WilfoSii  Hook  F  that  has  been  used  in  China  as  a  natural  mediane  for  hundr^s 
STim.  in  China,  clinical  trials  have  indicated  that  TPL  could  achieve  cornplete 

or  partial  remission  in  patients  with  leukemia.  In  the  P'"®®®"*  ®  breast 

the  effects  of  TPL  on  cell  lines  derived  from  human  cancers  of  the  . 
prostate,  stomach  and  liver.  In  addition,  B1 6  melanoma  c^ls  were  u^ 

an  aynerimental  model  of  metastasis.  In  the  case  of  cultured  tumor  cells,  TPL  at 
4  ng/ml  Inhiblled  cell  growth  to  a  similar  extent  as  taxol  at  tOO  lyml  Wh  iind» 
anXm^e  Sepente,r  and  -Independent  "  L  at^ 

xenoorafts  formed  by  several  different  cell  lines  were  injected  i.v.  with  T^  at 
dS?of  0  25  mg/kg/ twice  a  week,  the  sizes  of  the  tumor  xenografts  were  r^uced 
to  1 0-50%  of  the  controls.  This  was  comparable  or  supenor 

the  commonly  used  chemotherapeutic  drugs  adrimycin,  cisplatin  and  fn'tomyc  n. 
tmpSy  TPL  could  inhibit  both  spontaneous  and  expenmental  me^s 
Additional  Studies  revealed  that  treatment  of  tumor  cells  wrth  1 0  ng/ml  of  for 
24  hours  resulted  in  decreased  levels  of  c-myc,  cyclin  A/cdl^ 
while  increasing  the  level  of  cleaved  PARP.  an  indicator  ^p^pto^s  Furt^^ 
more.  TPL  also  decreased  the  telomerase  activity  as  measured  by  bo*  tl^Tf^P 
assay  and  PicoGreen  staining.  These  results  strongly  sugg^t  that  Q 
potentially  be  developed  as  a  new  anti-tumor/metastasis  agent. 
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#3962  Overexpression  of  tumor  necrosis  factor-stimulated  g^Bpio^. 
tein  rrSG-6)  suppresses  tumor  growth  in  vivo.  Jinguo 
RhSnmin  Yanq  Imping  Wang,  Charles  B.  Underhill,  and  Lurong  Zhan^ 
town  University  Medical  Center,  WashingtoOr  DC,  The  Cell  and  Turner  Key  o 
China  Educamn  Ministry  at  Xiamen  Universityi  Xiamen,  China,  and  Beijing  Gen- 

®1um°ornecrSfertoS^  gene-6  protein  fTSG-6)  is  an  anti-inflamma- 
torv  factor  that  is  produced  in  response  to  TNF  and  contains  a  link  module  that 
Si  Eyaluron*,.  In  mis  study,  ws  examinsd  th. 
expression  of  TSG-6  on  tumor  progression.  The  cDNA 

oene  (782bp)  was  cloned,  inserted  into  an  expression  vector  (pS^Tag^/  ygr  ) 
ind  tr^feSed  into  TSU  human  prostate  cancer  cells,  ^e  positive  p'®"®® 
identified  by  RT-PGR  and  the  biological  activity  of  the  TSG-6  protein  was  con¬ 
firmed  by  its  ability  to  bind  hyaluronan.  The  TSG-6  positive  clones  were  then 
dSdS  and  compZed  with  control  cells  (transfected  With  vector)  with  regard  to 
cell  behaviors  In  culture,  the  TSG-6  transfected  TSU  cells  grew  at  the  same  rate 
as  control  cells  as  measured  by  cell  number  and  by  incorporation  of 
thvmidine.  However,  when  the  cells  were  inoculated  on  the  chonoallantoic  mem- 
hrane  of  chicken  embryos,  the  TSG-6  transfected  TSU  cells  grew  at  a  slower  rate 
than  the  control  cells  (mean  xenograft  weight  in  TSG-6  16.3  mg  ''®- 

<?imiiarlv  when  cells  were  injected  s.c.  into  nude  mice,  the  xenografts  formed 

by^t’he  TSG-6-transfected  cells  were  smaller  than  °f.f'^®,‘r°2i^mmEe 
xenooraft  weight  0  72  g  vs.  2.16  g).  Western  Blot  analysis  of  lysates  from  these 
xenografts  indicated  that  the  TSG-6  transfected  cells  had  increased '®''®'®  °f 
cleaved  caspase  8  and  cleaved  PARP,  but  no  change  in  the  levels  of  cyclin  D1, 

B1  Rb  ERK.  These  preliminary  results  suggest  that  TSG-6  could  function 
tumor  suppressor  in  vivo,  in  part,  through  the  induction  of  apoptosis. 
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#4404  Targeted  hyaluronan  binding  peptide  inhibits  the  growth  of 
ST88-14  Schwann  cells.  Yixin  Chen,  Shuigen  Hong,  Xiaolin  Chen,  Shanmin 
Yang,  Ningfei  Liu,  Xu-Fang  Pei,  Luping  Wang,  Xue-Ming  Xu,  Jinguo  Chen,  Charles 
B.  Underhill,  and  Lurong  Zhang.  The  Cell  and  Tumor  Key  Lab  of  China  Education 
Ministry  at  Xiamen  University,  Xiamen,  China,  and  Georgetown  University  Medical 
Center,  Washington,  DC. 

We  have  reported  that  the  hyaluronan  (HA)  binding  proteins/peptides  possess 
anti-tumor  effect,  in  part,  due  to  the  induction  of  apoptosis  and  p53.  The  loss  of 
neurofibromin,  a  tumor  suppressor  corded  by  NF1  (Neurofibromatosis  Type  1) 
gene,  results  in  the  accumulation  of  hyperactive  Ras-GTP  due  to  a  reduced 
conversion  of  active  Ras-GTP  to  inactive  Ras-GDP,  which  turns  on  uncontrolled 
mitogenic  signals  in  the  nucleus.  Therefore,  neurofibromatosis  can  be  regarded 
as  a  disease  resulting  from  the  disruption  of  the  balance  between  cell  proliferation 
and  apoptosis.  To  determine  if  the  abnormality  of  neurofibromatosis  can  be 
interrupted  by  HA  binding  peptide,  a  naturally  existing  HA  binding  peptide, 
tachyplesin  with  RGD  domain  (for  a  better  targeting)  and  its  scramble  peptide 
were  synthesized.  When  ST88-14  Schwann  cells  were  treated  with  this  targeted 
peptide  for  24  hours,  the  cells  underwent  apoptosis  and  began  to  die.  The 
3H-TdR  incorporation  rate  of  targeted  HA  binding  peptide  treated  cells  was 
greatly  reduced  compared  to  that  of  the  control  peptide  treated  cells.  This 
inhibitory  effect  was  in  a  dose-dependent  manner.  Similarly,  the  ability  to  form 
colony  in  soft  agar  was  also  remarkably  reduced.  Western  blot  analysis  showed 
that  the  cell  cycle  key  molecules,  such  as  cyclin  B1  and  cdc2,  were  reduced.  In 
addition,  the  targeted  HA  binding  peptide  could  reduce  the  phosphorylation  of 
mitogen-activated  protein  kinase.  The  data  suggest  that  the  targeted  HA  binding 
peptide  could  inhibit  the  growth  of  ST88-14  Schwann  cells  via  suppression  of 
some  key  molecules  in  cell  proliferation  process. 
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#5364  Peptides  derived  endostatin  and  angiostatin  inhibits  tumor  growth. 
Xueming  Xu,  Jinguo  Chen,  Luping  Wang,  Xue-Fang  Pei,  Shanmin  Yang,  Charles 
3.  UnderhiH,  and  Lurong  Zhang,  Georgetown  University,  Washington,  DC, 

Endostatin  and  angiostatin  are  well-known  anti-tumor/anglogenesis  agents. 
We  have  found  that  there  are  several  hyaluronan  (HA)  binding  motifs  existing  in 
these  two  proteins.  In  previous  studies,  we  have  found  that  HA  binding  proteins 
/  peptides  inhibited  the  growth  of  tumor  cells.  In  this  study,  two  peptides  with  HA 
binding  motifs  derived  from  endostatin  and  angiostatin  were  tested  to  confirm 
that  the  HA  binding  motifs  are  the  critical  effector  in  the  bioactivity  of  their  parental 
rjolecules.  Two  peptides  that  containing  2-3  HA  binding  motifs  and  NGR  homing 
domain  or  the  control  scramble  peptide  were  chemically  synthesized.  When  the 
peptides  were  added  to  endothelial  cells  (HUVEC  and  ABAE)  or  tumor  cells  (TSU 
prostate  or  MDA435  breast  cancer),  they  inhibited  the  cell  growth  In  a  dose- 
dependent  manner.  When  1 00  fig  of  peptides  was  tropically  administrated  to  TSU 
tumors  grown  on  chorioallantoic  membrane  of  chicken  embryo,  the  sizes  of 
tumors  In  the  peptide-treated  groups  were  smaller  than  the  control,  while  the 
development  of  chick  embryos  were  not  affected.  The  results  of  Western  blot  and 
flow  cytometry  analysis  indicated  that  the  peptides  could  trigger  the  depolariza¬ 
tion  of  mitochondrial,  induce  the  expression  of  p16  and  p21  and  increase  the 
cleaved  caspase  8.  It  seems  that  the  HA  binding  motifs  in.  endostatin  and 
angiostatin  are  the  key  factor  for  the  anti-tumor/angiogenesis  effects  of  their 
parental  proteins. 


